**FULL TITLE** 

ASP Conference Series, Vol. **VOLUME**, **YEAR OF PUBLICATION** 
**NAMES OF EDITORS** 



X-ray absorption in Active Galactic Nuclei 



Roberto Maiolino 1 and Guido Risaliti 2 

Abstract. We review some of the main physical and statistical properties 
] of the X-ray absorber in AGNs. In particular, we review the distribution of 

f^*) ■ the absorbing column density inferred from X-ray observations of various AGN 

C^) samples. We discuss the location of the X-ray absorber and the relation with the 

£S| , dust absorption at optical and infrared wavelengths. Finally, we shortly review 

■ the recent findings on X-ray absorption at high luminosities and at high rcdshift. 



1. Introduction 

' The X-ray absorption provides important information on the nature of the cir- 

cumnuclear medium in AGNs. Understanding the physical and statistical prop- 
erties of the X-ray absorption is also highly relevant to characterize the black 
hole accretion in the universe. Indeed, most of the AGN activity, both locally 
and at high redshift, is obscured. In this short paper we shortly review the 
main observational results in this field. Since absorption by "warm" gas is also 
treated by other reviews in these proceedings, "warm absorption" is only shortly 
O discussed in Sect. 2. We will then focus on the "cold absorption", by discussing 

it statistical and physical properties, as well as some of the recent findings at 
high redshift. It is important to clarify that, due to the limited space available, 
\ this review in unavoidably highly incomplete. 
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2. The warm absorber 

At least 50% of the low resolution X-ray spectra of type 1 (optically unob- 
scured) AGNs show the presence of a broad absorption feature at ~0.7-0.8 keV, 
ascribed to absorption edges of Q VIII and QVII due to a "warm", ionized gas 
along our line of sight ( Reynolds] 1997 ; Crenshaw &: Kraemer 19991 ). However, 



the advent of grating X-ray spectroscopy with Chandra and XMM improved 
dramatically our understanding of warm absorbers. In particular, the recent, 
high resolution X-ray spectra revealed that the trough at ~0.7-0.8 keV is ac- 
tually the blend of various absorption lines and absorption edges. The 900 ks 
Chandra HETGS spectrum of NGC 3783 is the high resolution spectrum with 
the highest quality currently available, and it has been extensive l y used to in- 



vestigate the properties of the warm absorber ( Kaspi et al. 20021 ; Netzer et al. 
20031 : krongold et al.l[2003l b It was found that, at least in the case of NGC 3783, 
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the warm absorber has a column density of the order of a few times 10 22 cm -2 , 
it is outflowing with velocities ranging from a few to several 100 km s _1 and it is 
lo cated between ^0.2 pc an d ~3 pc from th e ioniz ing, nuclear source. According 
to lNetzer et al.l ( 20031 ) and iKrongold et ail (2003) matching the several absorp- 
tion lines observed in the spectrum of NGC 3783 requires the presence of two or 
three different phases of the absorbing medium, at different t emperatures and 
differe nt ionization stage, but in pressure equilibrium. However, IGoncalves et al ' 



( 20061 ) pointed out that multi-temperature components arise naturally in a sin- 
gle medium as a consequence of the stratification of the ioni zation structure 
of eac h cloud exposed to the nuclear source. In particular, IGoncalves et al 



(2006) could fit the various absorption lines observed in NGC 3783 with a single 
medium, without the need for different, separate components of the absorbing 
medium. 



3. Cold absorption: general properties and warnings 

The presence of a cold, neutral medium along the line of sight introduces a sharp 
photoelectric absorption cutoff in the power-law spectrum emitted by the nuclear 
source. It is possible to accurately determine the column of absorbing material 
by measuring the energy of the photoelectric absorption. At Nh > 10 24 cm -2 
the gas is thick to Compton scattering (dubbed as "Compton thick"). In this 
case the primary X-ray radiation is completely absorbed at energies <10 keV. 
However, as long as the column of gas does not exceed 10 25 cm -2 the primary 
radiation is still transmitted and observable at energies in the range 10-100 keV. 
In Compton thick sources with Nh > 10 2 5 cm" 2 the dire ct, primary X-ray 
radiation is totally absorbed at any energy (|Matt et al.lll997r ). 



Although, the primary radiation is totally absorbed (at least at E < 10 keV), 
Compton thick sources are still observable through radiation that is scattered 
into our line of sight either by a cold, Compton thick medium ("cold reflec- 
tion") or, less frequently, by a warm medium ("warm reflection"), either of such 
scattering media must extend on scales larger than the absorber. The reflected 
component is about two orders of magnitude fainter than the primary radiation; 
therefore Compton thick sources are much more difficult to detect, especially at 
high redshift. Compton thick, reflection-dominated sources are generally char- 
acterized also by the presence of a prominent FeKa line at 6.4 keV. This line is 
partly produced in the accretion disk and is partly excited in the circumnuclear 
medium on larger scales. In Compton thin sources this iron line is heavily diluted 
by the direct, primary radiation, and its observed equivalent width is of a few 
hundred eV. In Compton thick sources the primary continuum is suppressed, 
and therefore the iron line emitted by the circumnuclear medium is observed 
with an equivalent width which easily exceeds 1 keV. 

Note however that an X-ray spectrum which appear reflection-dominated, 
and with a prominent iron Ka line, does not necessarily imply that the source 
is Compton thick along our line of sight. Indeed, if the active nucleus fades, its 
light echo keeps the circumnuclear medium reflecting the radiation for several 
years, producing a reflection-dominated spectrum, even if the nucleus is totally 
unobscured. Compton thin to Compton thic k transitions have been sometimes 
interpreted in terms of this "fossil" scenario ( Guainazzi et al. 20021 ; Matt et"aTI 
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Figure 1 Nh distribu- 
tion for AGN selected 
in [OIH]5007 line flux, 
divided in different 

optical types. Taken 

from ISalvati Maiolind 
(200 (]) (adapted 
Risaliti et all 1 19991 1. 



from 



120031 ). However, in most of these cases it is difficult to distinguish whether the 
spectral change is really due to an intrinsic fading of the source or to an increase 
of the absorbing column density (see Sect. 5). Yet, in a few cases the systemic 
decline of the luminosity, monitored through various epochs, unambiguously 
identifies the Compton thic k-like appearanc e of the final spectrum as due to the 
fossil nature of the source (|Gilli et al.ll2000h . 

Finally, it should be noted that absorption in the hard X-rays is due to 
metals, therefore what we actually is the column of metals. To infer the equiva- 
lent column of hydrogen people generally assume (explicitly or, more often, im- 
plicitly) solar abundances. However, nearly all AGNs display super-solar abun- 
dances (|Hamann et al.ll2002l : lNagao et al.ll2006al lbh. As a consequence, hydrogen 
column densities inferred from X-ray spectra are generally overestimated. 



4. The Nh distribution among AGNs 

Early investigations with hard X-ray satellites clearly revealed an excess of ab- 
sorption in type 2 Seyferts, in agreement with the expectations from the unified 
model. However, such early studies could identify only very few Compton thick 
sources, suggesting that the latter is a very rare class of objects. Yet, later, 
deeper surveys, adopting careful selection criteria and exploiting a wider energy 



range, discovered a much l arger fraction of Compton thick AGNs ( Maiolino et al.l 
1998; Ba ssani et al.lll999l ). By extracting a s ubsample sele c ted in [OIII]A5007 



flux, assumed to trace the intrinsic AGN flux, iRisaliti et al. (|l999l ) could deter 



mine a first, unbiased distribution of Nh among Seyfert nuclei (Fig(Tj). Among 
optically obscured Seyfert nuclei the distribution of Nh is nearly flat, and Comp- 
ton thick Seyfert 2s (N H > 10 24 cm" 2 ) are found to be as numerous as Compton 
thin ones. Generally there is a good correspondence between optical classifica- 
tion and X-ray absorption: Syls tend to have little or no absorption, "strict" 
type 2 Seyferts tend to be heavily absorbed (Nh > 10 23 cm -2 ), while intermedi- 
ate type 1.8-1.9 Seyferts are absorbed by intermediate Nh (~ 10 22 — 10 23 cm" 2 ). 
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The column density distributio n has been extracted als o for other samples 
of AG Ns selected in different ways. iMarkwardt et ak ( 20051 ) and Bassani et al 



(2006) give the N H distribution of AGNs selected in the 10-100 keV energy 
range. These samples are less biased against obscured AGNs, with respect to 
samples selected at lower energies, but they are still biased against Compton 
thick AGNs. Indeed, as discussed above, AGNs with Nh > 10 25 cm -2 are 
absorbed at all energies, while partially Compton thick AGNs with 10 24 < Nh < 
10 25 cm -2 do show a transmitted component at E>10 keV, but still significantly 
ab sorbed with respe c t to C om pton thin AGNs. Ind eed, the samples presented 
by IMarkwardt et aLI ( 20051 ) and lBassani et al.l ( 20061 ) show the absence of AGNs 
with N H > 10 25 cm" 2 and a paucity of AGNs with 10 24 < N H < 10 25 cm" 2 . 

Radio emission is another selection which should be free of absorption bi- 
ases. Indeed, early X-ray studies of radio- loud AGNs revealed a large fraction 



of obscured AGNs ( Sambruna et al. 19991 ). The absorbing column density is 



also found to anti-correlate with the radio core dominance parameter R (a mea- 
sure of the jet orientation) , in agreement with the expectations from the unified 
model ( Grandi et al. 20061 ). However, there is a puzzling sh ortage of Compton 



thick AGNs, which is confirmed also in more recent studies ( Evans et al. 20061 : 



lHardcastle et al.ll2006l ). A possible explanation is that the radio jet contributes 
(or dominates) the X-ray luminosity, which is therefore inefficiently obscured by 
a compact, ci rcumnuclear mediu m. 

Recently, ICappi et al.l (2006) measured the column density with XMM in a 
distance limite d sample of Seyferts (pre-selected through optical spectroscopy, 
Ho et al1ll997l ). Within the statistical uncertainties, the resulting Nh distribu- 



tion is similar to that obtained in previous optically selected samples. 

One of the major limitations of the previous surveys is that in most of them 
AGNs were pre-sele cted to have a Seyfert-like optical spectrum. However, hard 
X-ray observations ( Vignati et al.|[l999l ; iGuainazzi et alll2000l : iDella Ceca et al] 
20021 ) have revealed the presence of heavily obscured, relatively luminous Seyfert 



nuclei (L2-10 keV > 10 erg s ) in galaxies optically classified as starburst 
(HII) or LINER (here with the latter term we refer to emission due to shocks in 
starburst superwinds, not nuclear LIN ERs). Similar results have been obtained 
through near- and mi d-IR spectroscopy ( Imanishi et al.|[2006l : iRisaliti et al.ll2006l ). 
Maiolino et al.l (|2003l ) investigated the statistical properties of such optically elu- 
sive Seyfert nuclei, and found that most of them are Compton thick. Therefore, 
the actual fraction of Compton thick AGNs is higher than inferred in sam- 
ples where objects are pre-selected through the optical spectrum. Note that 
evidence for relatively powerful Seyfert nuclei hosted in galaxies which are ap- 
pare ntly normal in the optical has also been found in high redshift surveys 
(e-g. IComastri et al.l[2002l : ISzokolv et al1l2004l : iBareer et aDl2005l : ICocchia et af 
2007). However, in several of these cases the optical mis-clas sification ma; 



sim- 



ply be due to dilution of the nuclear light by the ho st galaxy ( Moran et al.ll2002l ) 



or to inappropriate (rest-frame) spectral coverage (|Severgnini et al.l 12003) 



5. The location of the cold X-ray absorber 



Location, size and geometry of the absorbing medium have been some of the most 
debated topics. Although somewhat artificially, the gaseous, X-ray absorber can 
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Figure 2 Unfolded 
spectra of NGC 1365 
taken during a period of 
about 8 months showing 
strong Nh variation s (from 
Risaliti et all 120051 ). The 
most rapid variation is 
observed between observa- 
tions XMM1 and XMM2, 
which are only three weeks 
apart, and which show a 
transition from Compton 
thin to Compton thick. 



be roughly divided in two main components: an extended medium (on scales of 
10-100 pc) and a compact, nuclear absorber (<1-10 pc). 

Evidence for an absorbing medium on scales of about 100 pc, possibly asso- 
ciated with the host galaxy gaseous disk, has been inferred f rom the statistical 
prop erties of the hosts and of the NLR of Seyfert galaxies (e.g. iMaiolino &: Riekel 
1995), fr om the direct observ ation of obscuring structures in high resolution im- 



ages fe.g .lMalkan et ailll998t) an d from the detection of circumnuclear molecular 
gas (e.g. ISchinnerer et al J 1 19991 ). The X-ray absorption properties of su c h larg e 
scale absorbers have been studied with some detail by iGuainazzi et all (2005). 
They found that Seyfert nuclei with dusty structures, observed within the cen- 
tral few 100 pc in HST images, are typically characterized by an absorbed, but 
Compton thin X-ray spectrum. 

Evidence for an additional, much more compact gaseous absorber is di- 
rectly obtained from X-ray data. There are two lines of evidence, one based on 
dyn amical mass c o nstrai nts and the other one on time variability. 

iRisaliti et al. ( 19991 ) showed that, for any reasonable geometry, gas with 
Nh > 10 24 cm -2 cannot be accommodated on scales larger than a few 10 pc with- 
out exceeding the dynamical mass in the same region. Therefore, the Compton 
thick medium must be located within the central ~10 pc. 

Tighter constraints come from the obse rved temporal variability of the ab- 
sorbing column density. IRisaliti et al. ( 20021 ) showed that variability of the X-ray 
absorbing column density on time scales of years is observed in nearly all AGNs 
for which multi-epoch X-ray observations are available. For a subsample of the 
sources variability is observed even on scale shorter than one year. For any 
reasonable geometry of the individual clouds, the latter result implies that in 
these sources most of the the X-ray absorption must occur on sub-parsec scales. 
Even tighter constraints come from dedicated X-r ay monitoring of some individ- 
ual sources ( Risaliti et al J 120051 ; lElvis et al.ll2004l ). These observations revealed 
strong Nh variations, by even passing from the Compton thin to the Compton 
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Figure 3 Nuclear, infrared 
spectral energy distribution 
observed in local AGNs, aver- 
aged in bins of absorbing Nh 
inferred from the X-rays. The 
IR SEDs are normalized to 
the absorption-corrected, hard 
X-ray luminosity. There is 
little variation of the nuclear 
IR SED for different values of 
Nh, except for Compton thick 
sources, which show a signifi- 
cant depression short-ward of 

10/iUL. 




lg A(/xm) 



thick regime, on time scales of weeks or even as short as a few hours (Figj2]). 
These rapid variations indicate that the absorber must much closer to the source 
than the standard pc-scale model, and probably co-spatial with the Broad Line 
Region. Further results and details on the variability of X-ray absorption are 
given in the contribution by Risaliti within these conference proceedings. 



6. X-ray absorption versus optical and infrared absorption 



Various studies have shown that X-ray and optical nuclear absorption do not 
match in AGNs. In particular, the measured optical dust extinction is sys- 
tematically lower than inferred from the colu mn density Nh measur ed in the 
X-rays, assuming a Galactic gas-to-dust ratio ( Maiolino et al.ll2001al ). An im- 
portant consequence of this effect is the mismatch between optical and X-ray 

classification, and in particular the existence of type 1, broad line AGN with 

i it — | | — ^— 1 — f — 1| 1 | 

significant X-ray absorption (Wilkes et al.l 12002: IHall et al.l 120061 ; ISzokolv et al 



l2004l ; lBarger et al.ll2005l : lFiore et al.ll2003l : ISilverman et al.ll2005l ). Extreme cases 
of this kind of mismatch are Broad Absorption Line (BAL) QSOs whose X-ray 
spectrum is heavily absorbed, and in some cases even Co mpton thick, although 



their optical spectrum shows little or no dust extinction (| Gallagher et al 
Braito et al1l2004l : iMaiolino et"alll200ld ). 



2006; 



For what concerns the origin the mismatch between X-ray and optical ab- 
sorption, there are two possible physical reasons. The BLR is dust free, because 
inside the dust sublimation radius; therefore, if a large fraction of the X-ray 
absorbing column density is located within the BLR, as discussed in the previ- 
ous section, then this naturally yields to a reduced Av/Nh- Additionally, the 
circumnuclear dusty medium of AGNs is very dense (n ~ 10 5 cm -3 ) and in such 
dense environments dust grains tend to be larger, therefore being less effective 
in absorbing the optical and UV radiation ( Maiolino et alj[2001bl ). 

Similar results have been obtained from the comp arison between i nfrared 
and X-ray absorption. By using Spitzer mid-IR spectra. IShi et all ( 20061 ) found 
that the depth of the dust silicate feature at ~ 9.7 /xm correlates with the X- 
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ray absorption, though with a large scatter. However, in most cases the silicate 
feature is much shallower than expected from the Nh inferred from the X-rays by 
assuming a Galactic gas-to-dust ratio. Also the intensity and shape of the mid- 
IR continuum are little rel ated by the presen ce of X-ray absorption along the line 
of sight. More specifically, ISilva et"aL ( 20041 ) found that the shape and intensity 
of nuclear mid-IR continuum of AGNs is essentially unchanged and independent 
of the column density Nh measured in the X-rays (Figj3]). Only for Compton 
thick sources the mid-IR SED appears reddened at wavelengths shorter than 
~ 10/xrn, but the inferred extinction is still more than one order of magnitude 
lower than e xpected from the Nh in ferred from th e X-ray s. Similar results were 
obtained bv iLutz et aD (|2004h and iKrabbe et al.1 (|200ll ). The motivations for 
the reduced IR absorption relative to the X-ray absorption are partly the same 
as for the case of the optical absorption. However, an important additional 
factor contributing IR/X-ray absorption mismatch is that the mid-IR emission 
is extended, at least on the pc-scale, i.e. on a scale comparable or larger than 
the dense X-ray absorbing medium. 



7. X-ray absorption at high luminosities and at high redshift 



Until a few years ago the existence of obscured QSOs (QS02s) was under ques- 
tion. QS02s are difficult to find because both absorbed and rare. However, 
recently a large number of QS Q2s have been found in by systemic su rveys over 
large sky areas, in t he opt i cal dZakamska et alj|2003l: iPtak et al.ll2006l). in the X- 
rays dNorman et al. 20021; iFiore et al.ll2003l; IBarger et all 20051 ; ISilverman et al 
20051 : iMaccacaro et al.l I20Q4J : iMaio lino et ; al.l I2 006T). in the radio (iDonley et al 
2005; iBelsole et all l2006h and in the infrared (iMartmez-Sansigre et al.l 2005; 



Polletta et al J 120061 : lAlonso-Herrero et al.l 120061 ; iFranceschini et al.ll2005l ). 

The large number of newly discovered QS02s has allowed the investigation 
of the fraction of obscured AGNs as a function of luminosity. By using the 
results from hard X-ray surveys, various authors have found evidence for a de- 



creasing fraction of ob s cured AGNs with increasing luminosity ( Ueda et al.ll2003l : 
La Franca et alj|2005l : IBarger et al.ll2005l; lAkvlas et alj|2006l ). although this re- 



sult has been questioned ( Dwellv k, Page! [20061 ) . The same trend was found by 
Simpsonl (|2005h among optically selected AGNs. If confirmed, these r esults can 
be in terpreted within the scenario of the so-called "receding torus" (Lawrence] 
1991), where the dependence of the dust sublimation radius with luminosity 
causes the coverin g factor of the absorb ing medium to decrease with luminos- 
ity. Alternatively, Lamastra et al.l (|2006l ) suggested that the dependence of the 
covering factor with luminosity is an indirect consequence of the gravitational 
effects of the black holes, which is on average more massive in more luminous 
AGNs, because of selection effects. 

One should keep in mind that, at least in hard X-ray surveys, the census 
is limited to the Compton thin sources. Indeed, the faintness of Compton thick 
AGNs even in the hard X-rays prevent s their detection a t cosmological distances 
(except for a tail of the population, iTozzi et al. 20061 ). To infer the fraction 
of Compton thick sources at high redshift we have to rely on other, indirect 
indicators. One p ossibility is to exploit the shape of the hard X-ray background. 
Gilli et ail ( 20061 ) show that the population of (Compton thin) AGNs that resolve 
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the X-ray background at 2-10 keV fall short to account for the peak of the latter 
at 30 keV. The additional contribution by a population of Compton thick AGNs 
with 10 24 < N H < 10 25 cm 2 is required to match the shape and intensity of 
the X-ray background at energies higher than 10 keV. The required proportion 
of Compton thick AGNs with 10 24 < Nh < 10 25 cm -2 relative to Compton 
thin AGNs must be 1:2, i.e. as observed in local AGNs. Note however, that 
the X-ray background is insensitive to the population of totally Compton thick 
AGNs with Nh > 10 25 cm~ 2 (since their emission is totally suppressed at any 
energies), which therefore remains unconstrained. 

An alternative method to identify Compton thick AGNs at high redshift is 
by means of mid-IR data. Indeed, recent Spitzer observations have discovered a 
large population of high-z AGNs (identified through a mid-IR, AGN-like excess) 
that do not have hard-X counterpart even in deep X-ray observations, and there- 
fore are likely Compton t hick AGNs (jAlonso-Herrero et al. 20061 : Polletta et al.l 
20061 : iDonlev et al. [2005). Many of the Spitzer studies on high-z AGNs are 



still ongoing, therefore this field is currently in continuous evolution. However, 
results published so far suggest that the Compton thick AGNs at high-z (includ- 
ing those with Nh > 10 25 cm -2 ) are as numerous as Compton thin AGNs, i.e. 
matching the same relative fractions observed in the local universe. 



8. Open issues 

The physical and statistical properties of the X-ray absorber in AGNs are far 
from being fully understood, and several questions remain unanswered yet. 

We have shown that there is clear evidence for a compact absorber, located 
on the scale of the BLR, in a few sources. However, it is not clear whether 
such a compact absorber is ubiquitous to all AGNs or not. A related issue is 
whether all AGNs have Compton thick gas around them (including those which 
are Compton thin along our line of sight) or not. For what concerns the structure 
of the absorber, it is not clear yet whether the temporal variations of Nh are 
tracing a medium with two phases (cold, dense clouds inside a warm medium), 
or a more homogeneous, cold gas with density gradients. In terms of stability of 
the X-ray absorber, it is not clear how its vertical structure (required to account 
for the large covering factor) is supported. 

Another class of issues is related to some puzzling compariso ns of the X- 
ray absorption with other observed quantities. IZhang et al.l (|2006l ) found that 
AGNs with nuclear H2O maser disks are not preferentially Compton thick. 
However, the detection of maser emission requires large columns of gas (Nh > 
10 23 ~ 24 cm~ 2 ) and very small disk inclination (< 10°), the combination of which 
are expected to produce Compton thick abso rption, that instead is observed for 
only half of the AGNs in the maser sample of Zh ang et al. ( 20061 ) (i.e. the same 



fracti on observed in optical samples). On the large scales there is an opposite 
issue. iMaiolino et al. ( 19991 ) found that the X-ray absorption is correlated with 



the presence of a bar in the host galaxy. In particular, Compton thick AGNs 
appears preferentially hosted in barred galaxies. As discussed above, Compton 
thick absorption probably occurs on the sub-parsec scale, therefore it is hard to 
understand how the physics of the sub-parsec medium can be affected by the 
dynamical properties of the host galaxies on the kpc scale. We have verified 
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Figure 4 Column density 
distribution of the sources in 
the s amples 
(|2006T l and 



of iCappi et al 



Guainazzi et al 



(|2005l ). divided as a function 
of the strength of the stellar 
bar in the host galaxy. There 
is a significant progression of 
the average Nh as a function 
of the bar strength. In par- 
ticular, most Compton thick 
nuclei are hosted in barred 
galaxies. 



thelMaiolino et al.1 (11999T) re s ult by using the more recent data by ICappi et al . 
(2006) and 1 Guainazzi et al. I (|2005l ): )ut even in these samples the correlation 
remains, as illustrated in FigHJ 
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